Abstract Assessing factors that influence groundwater levels such as land use and pumping strategy, is essential to adequately manage groundwater resources. A transient numerical model for groundwater flow with infiltration was developed for the Tedori River alluvial fan (140 km 2 ), Japan. The main water input into the groundwater body in this area is irrigation water, which is significantly influenced by land use, namely paddy and upland fields. 
Introduction
The Tedori River alluvial fan in Ishikawa Prefecture, Japan, has abundant groundwater storage capacity. Groundwater in this area is an indispensable water source for drinking and industrial uses and thus supports a variety of anthropogenic activities owing to its stable quantity and quality. Paddy fields covered 45 % of this area in 2009; accordingly, water infiltration from the paddy fields during irrigation periods contributes significantly to groundwater recharge (Mitsuno et al. 1982; Matsuno et al. 2006 ). However, the total area of paddy fields has been decreasing in recent years owing to urbanization, increasing area of fallow fields, and rice-yield controls imposed by the government. The rice yield has been controlled in Japan since the 1970s by a rotation of paddy rice with vegetables, wheat and soybean. In recent years, paddyupland crop rotation has been conducted at around 30 % of total paddy fields. The decrease in paddy field area has likely caused a decrease in the amount of groundwater recharge and decline of the groundwater level (Sugio et al. 1999; Watanabe et al. 2002; Khan et al. 2010) . Clarifying the extent to which the decline in paddy field area affects the groundwater level is important to maintaining sustainable groundwater use. Although various studies have been carried out to examine groundwater flow and recharge from paddy fields (Elhassan et al. 2001; Chen and Liu. 2002; Chen et al. 2002; Anan et al. 2007) , the effects of land use conditions, in particular paddy fields and croprotated areas, on groundwater recharge and groundwater level remain unclear. Groundwater recharge fluctuates both temporally and spatially because of various factors such as soil permeability, land use conditions, topography, amount of precipitation, and timing of snowmelt. In addition, groundwater recharge from irrigated paddy fields depends on the soil structure and irrigation management. Soils in paddies are typically puddled before transplantation of the rice seedlings, to reduce percolation losses owing to decreases in the hydraulic conductivity of paddy soils. As a result, paddy soils present stratified layers that consist of the top puddled layer, muddy layer, plow sole (also, known as hardpan) layer, and underlying subsoil layer (Liu et al. 2001; Tournebize et al. 2006) . Several paddy irrigation management methods are conducted in accordance with the growth stage of rice, including puddling, mid-summer drainage, and intermittent irrigation. Consequently, many factors influence groundwater recharge from paddy fields such as top and subsoil thickness, hydraulic conductivity of plow sole layer, ponding water depth and soil puddling intensity (Chen and Liu 2002; Kukal and Aggarwal 2002; Lin et al. 2013) .
Apart from groundwater recharge, there are several non-negligible factors that influence groundwater level such as groundwater use (for drinking water, industrial water and for melting snow on roads) and interaction of the aquifer and rivers. Accordingly, it is necessary to assess the effects of natural and artificial factors on temporal and spatial changes in groundwater flow and level. Numerical simulation is an effective analysis tool for assessment of these factors and attempts to integrate components of a hydrogeological system, climatic effects, and anthropogenic issues. Estimation of the groundwater recharge serving as the upper boundary of this simulation model is important to construction of a reliable model. Because groundwater recharge consists of water that reaches the groundwater body after moving through the unsaturated (vadose) zone, field measurements have difficulty in accurately evaluating the groundwater recharge. For paddy fields, the recharge is typically estimated using water balance methods (Bhadra et al. 2013; Don et al. 2006 ), tank models (Elhassan et al. 2001; He et al. 2008; Raneesh and Thampi 2013) , and onedimensional (1-D) unsaturated-zone flow analysis (Boggard and van Asch 2002; Kaushal et al. 2009; Tournebize et al. 2006; Xu et al. 2012) . A combination of physically based models for both the unsaturated and saturated zones has been employed in a number of studies. Lateral water flux is much lower than vertical water flux in agricultural fields (Chen et al. 1994; Zhu et al. 2012 ); therefore, a 1-D unsaturated-zone flow model coupled with a groundwater flow model is an alternative method to simulate groundwater level (Šimunek and Bradford 2008; Twarakavi et al. 2008) . However, when coupled unsaturated-saturated zone models are applied to paddy fields, problems may arise because such models may not completely represent the characteristics of the fields or address complicated irrigation water management strategies. In the study area, fluctuations of groundwater levels at the beginning of the irrigation period are closely linked with the area of paddy fields around wells (Iwasaki et al. 2013a) . Some researchers have examined the interaction between groundwater and river water in the area, including both river water infiltration to groundwater and groundwater flow to the river through hydrological and water quality observations (Tsuchihara et al. 2010; Futamata et al. 2005; Tsujimoto et al. 2005; Morita et al. 2008; Iwasaki et al. 2013b) . Maruyama et al. (2012; estimated water balance in this area, while Iwasaki et al. (2013b) performed steady numerical analysis considering the observed groundwater level contour maps and the measured interaction of water flowing between the aquifer and the river. Nevertheless, no feasible research has been carried out for transient analysis of groundwater environments in recent years in the study area.
Therefore, this study was conducted to determine the quantitative effects of different land use conditions such as paddy and upland fields (including crop-rotated paddy fields) on the groundwater recharge and groundwater level in the Tedori River alluvial fan. To accomplish this, a steady-state model was extended to a transient model that consists of a 1-D unsaturated zone model (HYDRUS-1D) for estimation of groundwater recharge and a threedimensional (3-D) groundwater model (MODFLOW). Based on groundwater flow simulation from 1975 to 2009, evaluation of relationships between changes in groundwater levels over time and changes in artificial or natural factors was then performed.
Materials and methods

Study area
The study site is the Tedori River alluvial fan in Ishikawa Prefecture, Japan (Fig. 1) . The center of the fan is at north 36°31′, east 136°34′ (WGS 84). The alluvial fan was formed by the Tedori River and has the topographical shape typical of alluvial fans. The right side of the fan is wider than the left because the northeast area overlaps with the Sai River and the Asano River alluvial fan (Hokuriku Regional Agricultural Administration Office 1977) . The study area is on the right side of the fan, bounded by the Tedori River to the south, the Sai River and the Fushimi River (a branch of the Sai River) to the northeast, the Sea of Japan to the west, and the Hakusan mountains to east. The northeast boundary is hereafter referred to as the Sai River. The study area is about 16 km from north to south and 12 km from west to east, covering a total of about 140 km 2 . The top of the fan is about 80 m above sea level (asl) and the average slope is 1/140 (the fan is relatively steep).
The study area is located in a humid region with a monsoon-dominated climate. According to meteorological observation data for 30 years collected at the Kanazawa meteorological station 2 km east of the study area, the average annual precipitation and annual snow depth are 2,399 mm and 281 cm, respectively, and the average annual temperature is 14.6°C. Monthly precipitation from December to February is relatively high owing to the snowfall that occurs during this period. However, snowfall is likely to be decreased by the slight temperature rise expected for the region as a result of climate change (Japan Meteorological Agency 2008) . In addition, riverwater-flow decline (Noto et al. 2013a, b) or an increase in sea level due to climate change may also affect groundwater conditions. The rice irrigation period, when irrigation water is allocated from the Tedori River, is from midApril to early September in the study area. Rice is planted at the beginning of May and a mid-summer drainage is conducted during June to temporarily dry the paddy fields, after which intermittent irrigation is conducted. In paddy fields, growers typically adopt the rice-upland crop rotation of soybeans and barley seeds, with soybean grown in the summer (from June to October) and barley in the winter (from November to May). Figure 2 illustrates the hydrogeological conditions across the study area. The main geological deposit is sandy gravel with a depth of over 130 m in the middle of the fan. In the middle and upper parts of the fan, the aquifer is confined by alluvium composed of alternate layers of sandy gravel (diluvium and alluvium) and sandy gravel and clay (Quaternary and Tertiary; Hokuriku Regional Agricultural Administration office 1977). Underlying the alluvium is Tertiary bedrock. Along the coastline of the Sea of Japan, a clay layer is wedged into the gravel layer. In this study, the sandy gravel layer and the sandy gravel and clay layer are regarded as aquifer materials and were modeled as the shallow and deep aquifer, respectively.
Hydrogeology
Land use
Paddy fields are the dominant land use in the study area. Land use data (100-m grid) are available from the National Land Numerical Information download service (Ministry of Land, Infrastructure, Transport and Tourism 2011) . The paddy field area ratio (paddy field area/total area) was 70, 62, 61, 58, 52 and 45 % in 1976, 1987, 1991, 1997, 2006 and 2009, respectively . The land use of the area in 2009 consisted of paddy, upland, urban (building), river, and other land covering 45, 2, 39, 4, and 10 % of the total, respectively. There has been great expansion of urban areas in Kanazawa, the prefectural capital, which is located on the northeast portion of the fan. There are also many business entities in this area of the fan (e.g., food factories, breweries, and precision machine factories), which require a high volume of clean groundwater. The upland field ratio is about 2 %, and this has changed very little over time. Fields in this area are primarily distributed in the coastal zone near the Sai River. The area of urban land has increased considerably around the central part of Kanazawa and along route 8. The increases in urban land have been almost equal to decreases in paddy field area. The rate of paddy riceupland crop rotation in the study area increased from 4.9 % in 1976 to 25.4 % in 2009. Since 1998, the rates have fluctuated between 25 and 33 %.
Groundwater use
Annual groundwater use in the fan was 1. drinking, 'snowmelt', irrigation, and building maintenance water accounted for 59, 30, 4, 4, and 3 %, respectively. Groundwater for snowmelt is groundwater applied to the road in order to melt freshly fallen snow on the road by ejecting groundwater (sometimes artificially heated) through pipelines laid under the road (Kayane 1980) , which means that groundwater is used as heat energy for snowmelt. The monthly groundwater use in 2005 was highest in December because large amounts of groundwater are used for melting snow, while the lowest use was in November. The drinking-water supply systems in Kawakita and Nomi depend solely on the groundwater. In addition, 99 % of the drinking water is supplied by deep wells from the confined aquifer (Ishikawa Prefecture 2012 
Groundwater environments
Groundwater levels have been monitored continually at 11 sites with 13 monitoring wells (wells A-K in Fig. 1 ) in Tedori alluvial fan. Seven of these wells (C-I wells in Fig. 1 ) are located within the study area. The groundwater levels have been monitored with automatic pressure type or float type water-level gauges since 1974 (with some exceptions), with 3-h interval groundwater levels averaged every 24 h.
The groundwater-level contours were obtained from mapping and kriging of groundwater levels in the fan, which were observed temporally at 113 wells in December of 1993, 87 wells in November of 2009, and 86 wells in June of 2010, which are used ordinarily. Comparisons of the groundwater levels during the irrigation period in 2010 and the non-irrigation period in 2009 show that water level during the irrigation period was 5 m higher than that of the non-irrigation period. Additionally, the groundwater level during the non-irrigation period declined 5 m over 17 years (from 1993 to 2009). The groundwater-level contour maps showed that the groundwater flows from the upper zone of the fan to the northwest side, and flow lines perpendicular to contours point in the downstream direction, indicating that they are controlled by the topographic gradient of the land surface and seepage water from the Tedori River. Lateral flow from the mountain front is not observed in the study area judging from the groundwater-level contour maps. Additionally, there was no clear evidence of the lateral flow based on several spatial distributions of ions, elements, and stable isotopes of water and strontium of groundwater.
To determine groundwater-river-water exchange volumes, river flow amounts at eight points along the Tedori River and inflow amounts entering the river (10 points) were measured, after which the amount of water flowing from the river to groundwater or from groundwater to the river in each interval was calculated considering a water balance between the neighboring observation points. The measurements were conducted in the irrigation ( 
Summary of the analysis
In this study, groundwater recharge was calculated with the 1-D unsaturated-zone flow model (HYDRUS-1D) and adapted to the upper boundary condition of the groundwater flow model (MODFLOW). Recharge areas were set as the paddy field and upland field, including crop-rotated paddy fields. Other land use conditions were considered as nonrecharge areas. MODFLOW's domain arrays were identified as calculation cells. Each unsaturated soil profile was set for each calculation cell assigned to recharge area. The bottom water flux at each calculation cell in the recharge area was determined by HYDRUS-1D under a time variable atmospheric boundary condition.
Unsaturated-zone flow model
Governing equations
Water movement in the unsaturated zone was assumed to occur only in the vertical direction, which is described by a modified form of the Richards equation:
where θ is the volumetric soil water content, which is a function of the pressure head for a given material (dimensionless), t is time (T), z is the vertical coordinate (L) (positive upward), K is the unsaturated-zone hydraulic conductivity at the current pressure head (L/T), h is the water pressure head (L), and S is the sink term by plant roots (1/T). The unsaturated soil hydraulic properties, θ and K, are highly nonlinear functions of the pressure head. In this study, the hydraulic properties were calculated using the equations described by van Genuchten (1980) . The soil water retention, θ, and hydraulic conductivity, K(h), functions are given by: 
where n is a pore-size distribution index (dimensionless) (m=1 -1/n, n > 1), l is a pore-connectivity parameter (dimensionless), α is the inverse of the air-entry value [1/L], θ r is the residual water content (dimensionless), θ s is the saturated water content (dimensionless) and S e is the effective water content (dimensionless). The poreconnectivity parameter l in the hydraulic conductivity function is estimated to be about 0.5 for many soils (Mualem 1976) . Five parameters (K s , θ s , θ r , α, n) are required for the calculations. The numerical model used was version 4.0 of HYDRUS-1D, a software package for simulating water, heat, and solute movement in 1-D variably saturated media based on finite element representation of the governing equations (Šimunek and Bradford 2008) .
Model discretization
The soil profiles were set from the soil surface to 5 m below the water table considering the fluctuation in groundwater level. The depth of the water table was determined from the difference between ground surface elevation and interpolated groundwater levels during the non-irrigation period in 1993 Fig. 3b . The depth varied from 2 to 45 m, and was deeper in the upper region of the fan than the lower region. The soil profile was vertically discretized into two layers. The upper layer, from the surface to 0.3 m depth, was the low permeability layer (plow sole), which occurred under the puddled top soil. The plow sole is the major factor controlling the infiltration rate and groundwater recharge in paddy fields (Chen et al. 2002) . The lower layer, from 0.3 m depth to the bottom of the vertical calculation domain, was the subsoil under the plow sole. As shown in Fig. 3c , the hydraulic parameters were initially grouped into three zones considering the shallow aquifer zoning (described in detail later). Parameters of the soil-water-retention curve were calibrated to fit the groundwater fluctuation. Optimized parameters are shown in Table 1 . Optimized saturated conductivities of the plow sole layers were relatively large. This reason is explained as follows. Soil water flows in unsaturated condition in an open system with negative pressure because the soil surface infiltration is given by prescribed water flux (Table 2) and depths of groundwater level are around 5-40 m Fig. 3b . The unsaturated zone conductivity becomes low significantly under the unsaturated condition. The groundwater recharge (bottom flux) at the rice-planted paddy fields was simulated reasonably (as mentioned in the following). Optimized saturated zone conductivity is therefore nothing more than one parameter to determine the shape of the unsaturated-zone hydraulic conductivity function based on the van Genuchten-Mualem model.
The recharge areas were paddy and upland crop-rotated paddy fields. Buildings and roads constitute possible land uses for the recharge area, apart from the agricultural fields. However, roads are regarded as impermeable because they are usually made of asphalt. The ratio of the floor space to the total building space is around 33 % in Kanazawa City. When about two-thirds of the building field was set as the recharge area, the simulated groundwater-levels had lower reproducibility of the seasonal fluctuations than simulations of the building field set as totally impermeable area. Thus, land use conditions other than agricultural fields were considered as non-recharge areas. For each year, a cell was assigned as either a paddy cell, upland cell, or a non-recharge cell as follows: all cells were ranked in ascending order according to the paddy field area ratio in each cell. The cells having larger paddy field area ratios were then specified to be uniform paddy field cells in decreasing order. The number of specified paddy cells was set so that the sum of their areas was equal to the actual paddy field area. A similar method was used to determine the upland cells. The cells specified as neither paddy cells nor upland cells were set as non-recharge area cells. Among the paddy cells, the crop-rotated paddy cells were randomly reconfigured considering the rate of paddy rice-upland crop rotation in each year and assuming that the rotation was not carried out for 2 years running. Figure 3a shows the recharge area in 2009. Temporal variations for the paddy and upland field areas were obtained using a linear interpolation method and land use data available in 1976, 1987, 1991, 1997, 2006 and 2009 . The rate of paddy rice-upland crop rotation in this area was available for each year. Land use conditions were changed from November considering the cropping schedule for each year (one hydrological year in this study was from November to October).
Boundary conditions and input data
The upper boundary condition was set to be a time variable atmospheric boundary condition and the lower boundary condition was set to be a free drainage condition because of the deep water tables. Details of numerical coupling methods concerning the unsaturated zone model's boundary conditions have been reported by Furman (2008) . HYRDUS-1D requires precipitation, potential evaporation, and potential transpiration data, which were obtained from the Kanazawa meteorological station for the present study. Potential evapotranspiration was calculated according to the Penman method. Monthly albedo for paddy and upland fields were based on Kotoda (1989) . Potential evapotranspiration was partitioned into an evaporation component and a root-wateruptake component (transpiration). Potential transpiration rates, T, were derived from the following equation (Campbell 1985): where, LAI is the leaf area index defined as the total onesided leaf area per unit ground area (dimensionless). In this study, LAI was multiplied by the vegetation cover ratio (defined as the percentage of area covered with plants per ground area) considering the furrow area. A month is divided into three parts (decade days): early part of the month (10 days), middle of month (10 days), and end of month (remaining days). Values of LAI were derived on a decade days basis for rice, soybeans, and barley seeds using values reported by Shibayama et al. (2011 ), Shimada et al. (1990 , and Takeda and Udagawa (1976) , respectively. Values of the vegetation cover ratio for soybeans were obtained on a decade days basis from Satoh (2002) , while those for rice and barley seeds were estimated using an empirical model between the vegetation cover ratio and LAI by Nakumura et al. (2007) and Fukushima et al. (2003) , respectively.
Water extraction in the root zone was calculated from the potential transpiration and root-length density by the Feddes root water uptake model (Feddes et al. 1978) . Root-wateruptake parameters of the Feddes model for soybean and barely were used as database values of HYDRUS-1D, while those reported by Phogat et al. (2010) were used for rice. The depth of the root zone was 0.2 m below the soil surface and the root-length density in the root zone was assumed to be uniformly distributed.
The initial conditions were considered to be a uniform pressure head ( −1 m) throughout the vertical soil profile. Leterme et al. (2013) indicated that relatively long warmup periods were necessary to avoid oscillations of calculation (at least several years), even while the numerical solution eventually stabilized. This was partly due to the presence of zones with a deep water table, which resulted in atmospheric input taking several years to migrate through the unsaturated zone. Since Leterme et al. (2013) used a warming-up period of 10 years to ensure results independent of the initial conditions, the same warming-up period was used in this study. During the warming-up period, weather data from October 1975 to November 1976 were used because the weather data in this duration were similar to the averaged value during 1980-2010.
According to Noto et al. (2013b) , snowmelt water amount was calculated by the following model to the Tedori River basin:
where, S is the daily snowmelt (L/T), m s is the snowmelt coefficient [L/(°C T)], R is the daily precipitation (L/T), and T is the daily mean temperature (°C). The coefficient m s was estimated to demonstrate short-term groundwater fluctuations by trial and error [m s = 7 mm/(°C d)]. Snowmelt was set to 0 mm when snowfall was observed and the degree-day model was used when snowfall was not observed. Snowfall data used were obtained from the Kanazawa meteorological station. Evaporation at the surface was not considered during application of the model because the model considers snowmelt at the snow surface based on evaporation.
Since HYDRUS-1D does not include an irrigation management model, some irrigation scenarios were set that considered both the observed irrigation practices and volume of water rights for puddling purposes in the study area. Table 2 summarizes the paddy irrigation management settings. The maximum ponding depth for paddy fields was set at 0.15 m during the irrigation period, while that of upland fields (including crop-rotated fields) and paddy fields during the non-irrigation period was set at 0.03 m.
HYDRUS-1D was run using daily stress periods. Decade-days recharge values were derived by averaging daily recharge values from HYDRUS-1D and used for the upper boundary condition for the groundwater flow model to reduce computational efforts. 
Groundwater flow model
Governing equations of groundwater flow
where, K s is the saturated hydraulic conductivity (L/T), h is the potentiometric head (L), S s is the specific storage of the porous medium (1/L), and q is the flux per unit volume representing sources and/or sinks of water; q>0 for inflow and q<0 for outflow, and x, y, z are coordinates (L).
Model discretization
In MODFLOW, an aquifer system is approximated as a discretized domain that consists of an array of nodes and associated finite difference blocks (cells). A schematic sketch of the grids and layers used in this study is shown in Fig. 3 . The model domain was discretized into grid dimensions of 400×400 m. Overall, the model contained 897 cells for each layer and four layers, giving a total of 3,588 cells. The first to third layers represented the shallow aquifer, and a part of the second layer included the coastal clay zone. The fourth layer represents the deep 
Boundary conditions and input data
The model was calibrated under both steady-state and transient-state conditions. Steady-state calibration was conducted to determine the hydraulic conductivities and hydraulic conductance of riverbed materials, whereas transient-state simulation was optimized by adjusting the storage coefficients. These calibrations are explained in the following sections.
Steady-state simulation
To estimate hydraulic conductivities, steady-state calibration was first carried out under the following conditions. To consider the spatial distribution of the hydraulic conductivity over the shallow aquifer, cells in layer 1 were grouped into three zones (northern, southern and coastal) based on the surface geology. The same zones were also applied to layers 2 and 3. The part of layer 2 corresponding to the coastal clay zone had different hydraulic properties. Layer 4 (deep aquifer) was not divided. The zone settings are shown in Fig. 3c . Overall, five hydraulic parameter zones were set up. A no flow boundary condition was applied to the eastern mountainfront boundary of aquifers and the bottom of the model domain. Constant head boundary conditions were set along the rivers (the Tedori River and the Sai River) using interpolated measured groundwater heads (2010 June) and the Sea of Japan using the mean sea-level surface. The sealevel surface at Kanazawa Bay is available in NOWPHAS (Ministry of Land, Infrastructure, Transport and Tourism 2011) . Internal boundary conditions such as rivers and lakes, which significantly influence groundwater, do not exist in the study area. The recharge flux, which is specified as the upper boundary condition, was calculated from field measurements of the paddy water percolation rate. Murashima (2009) investigated the 12-h interval waterrequirement rate in 36 paddy plots in the fan from 11 May to 10 August 2008 and calculated the daily water requirement with depth. The mean water requirements were 15.6 mm/d before and 24.7 mm/d after the mid-summer drainage, and standard deviations of the water requirements after the drainage were larger than before the drainage. The mean water requirements before and after the mid-summer drainage did not differ significantly at a P-value of 0.05 between the three zones associated with the hydraulic conductivities of the model domain. Water percolation rates before and after the mid-summer drainage, which were calculated by subtracting the evapotranspiration during the irrigation period from the mean water requirement, were 7.4 and 10.9 mm/d, respectively. All of the percolated water supplied to the aquifer was considered to be in steady state during the irrigation period (Maruyama et al. 2014) . Considering paddy rice-upland crop rotation, the recharge fluxes were calculated as the percolation water rate (7.4 mm/ d) and multiplied by both the paddy field area ratio in each cell and the area ratio of rice-planted fields to paddy fields. Groundwater use data for each cell were created considering the spatial distribution of annual groundwater in 2008 and the monthly ratio of groundwater use in June (irrigation period) to annual groundwater use (8.1 %). A steady-state calibration for the hydraulic conductivities of five zones was performed by trial and error and the inverse method using PEST (Doherty 2004) . PEST automatically adjusts model parameters until the fit between model outputs and observations is optimized. In this study, the observed data consisted of groundwater levels during the irrigation period (2010 June) at 38 wells for which the depths of strainers or well bottoms were known. The results of the optimized hydraulic conductivities are shown in Table 3 . The conductivities of the shallow aquifer (southern zone) and deep aquifer from pumping tests were 4.0×10 1 and 1.7×10 0 m/d, respectively. Okumaya (2011) reported that the conductivity of the shallow aquifer (northern zone) from a laboratory permeameter test was 2.3×10 2 m/d. The calibrated results were sufficiently close to the estimated values from the field and laboratory tests. The mean error between the simulated and measured (ME) groundwater levels was 0.9 m, while the root mean square error (RMS) and normalized RMS (NRMS) were 2.1 m and 3.3 %, respectively. Groundwater level contours from the simulated heads agreed with those of the observed levels in June of 2010. Overall, the developed model simulated the observed results reasonably well.
To calculate the water exchange between the Tedori River and the aquifer, a second steady-state calibration was carried out by taking into account head-dependent boundary conditions using the MODFLOW river package (Harbaugh 2005) . The groundwater is hydraulically connected to the river if the water table is above the elevation of the base of the streambed sediments of the river. In this case, the river package calculates the recharge through the riverbed using the following equation:
where Q is the exchange flow between the groundwater and river water (L 3 /T), C is the hydraulic conductance of the riverbed (L), and H is the river surface level (L). The conductance is calculated from:
where L is the length of a reach through a cell (L), W is the width of the river in the cell (L), M is the thickness of the DOI 10.1007/s10040-014-1171-8 Hydrogeology Journal (2014) 22: 1 -1 841 855 riverbed (L) and K r is the vertical hydraulic conductivity of the riverbed material (L/T).
In this study, data describing the river levels and width of the river were obtained from observation of the flow of the Tedori River in June 2009. The recharge through the riverbed was calculated using Eq. (9) under the assumption that the thickness of the riverbed was 15 m. The vertical hydraulic conductivities of the riverbed materials were determined so that water flow from the river to the groundwater, which is calculated in the second model calibration, was equal to that calculated in the first model calibration.
In the section along the river through which groundwater flowed into the river, the constant head boundary was specified.
The ME, RMS and NRMS were 0.9 m, 2.1 m and 3.4 %, respectively. The contours of simulated groundwater heads agreed well with those of the observed heads. The calculated exchange flow between the groundwater and the right bank of the river was 43 % of the total observed exchange flow, which does not contradict the observed results; therefore, the model calibration result is considered reasonable.
Transient-state simulation Specific coefficients were determined by a transient-state calibration. The hydraulic conductivities and conductances, which were estimated from the steady-state calibration, were used in the transient calibration. The transient simulation spanned a 35-year period ) and the storage coefficients were assigned based on the hydraulic conductivity zones.
Along the Sai River and downstream section of the Tedori River, constant head boundary conditions were set using interpolated water levels in December of 1993 (non-irrigation period) because groundwater levels near these sections changed only slightly both seasonally and over the long term. Other boundary conditions were the same as those in the preceding second steady-state calibration. This can be justified because of the small changes in river water levels in the Tedori River and mean sea level at the Sea of Japan during the simulation period.
Fine spatial and temporal distributed groundwater use data were not available. Accordingly, datasets with monthly intervals for the period from 1975 to 2009 were created considering the spatial distribution of the annual groundwater in 1993 and temporal variation of annual and monthly groundwater use in 2005. Monthly-based groundwater use in each cell was applied for the transient groundwater flow simulations.
The map of groundwater levels in December of 1993 was used to set the initial heads for the transient-state calibration. The computational time step was set as 1 day. The groundwater levels in the eight monitoring wells (wells C-I in Fig. 1 ) were used for model calibration. Optimized storage coefficients are shown in Table 3 . Initially, there was a substantial increase in the groundwater level from the end of April to early May (the beginning of the irrigation period) due to paddy fields being plowed and irrigated before transplantation of the rice seedlings. From July to September (the irrigation period), groundwater levels remained high and stable. From September to October (the beginning of the nonirrigation period), groundwater levels decreased dramatically. Finally, during November to April (the nonirrigation period), groundwater levels fluctuated in response to precipitation, snowfall, and snowmelt. The increase in groundwater levels at the beginning of the irrigation period is considered to be typical of groundwater level changes in the paddy irrigation area (Horino et al. 1989; Imaizumi et al. 2006) . Overall, the model was able to reasonably compute seasonal fluctuations, which were significant in response to paddy irrigation such as the increase of groundwater levels at the beginning of the irrigation period. Other observation wells also showed fluctuations with the difference in the degree of increase of 1980sObs. 1990sObs. 2000sObs. 1970sSim. 1980sSim. 1990sSim. 2000sSim . There were some differences between the predicted and the observed results. Specifically, the absolute values between the observed and calculated groundwater levels varied. This was partly due to the resolution of the MODFLOW cells (400×400 m). There were also sluggish decreases in calculated groundwater levels after the irrigation period. Namely, there was a lag time in groundwater recharge because the groundwater depth was relatively deep and the infiltration water did not contribute to the groundwater recharge promptly. Moreover, temporal and local groundwater changes in winter did not respond to groundwater use for melting snow because of lower-resolution input data in space (based on a 1-km grid) and time (monthly). Figure 6 shows the observed groundwater levels at wells E, F, I, and H. The lowest decade-averaged groundwater level was observed in the 1990s, while the groundwater levels increased slightly during the 2000s, probably because of a reduction in annual groundwater use. However, the lowest calculated value was in the 2000s, which was likely due to the low spatial and temporal resolution of the groundwater use setting. Based on the aforementioned results, this model could calculate changes in groundwater reasonably, despite the limitations of the model structure and data. The ME, RMS and NRMS were 0.5 m, 1.8 m and 5.4 %, respectively.
Results and discussion
Seasonal and annual changes in groundwater level
The fan was divided into 6 zones with approximately equal area, which are shown in Fig. 7 . Figure 8 shows the average calculated groundwater level in each zone. The decreasing trends of groundwater levels in each zone were similar to temporal changes in some observed wells (Fig. 6 ). Groundwater levels averaged over the hydrological year (from November to October) declined from 1975 to 2009, with a maximum decrease of 3.5 m being computed in zone 1. Change rates of groundwater levels averaged over the hydrological year or the irrigation period (from mid-April to early September) are shown in Table 4 . Positive values indicate the rate of groundwater increase, while negative values indicate groundwater depression. In zone 1 (the upper zone of this fan) and zone 2 (the middle zone of this fan, near the Tedori River), the groundwater levels decreased by an average of −0.07 m/y, which was larger than in other zones. During the irrigation period, the greatest rate of decrease was −0.10 m/y in zone 2, and relatively small values are −0.08 m/y in zone 1 and 4. The annual changes in groundwater levels caused by changing the paddy field area were more affected by changes in the paddy field area in the middle part of the fan. One reason for this is that the groundwater catchment area is limited in the upper and middle part of the fan relative to the lower part. Figure 9 shows the mean of seasonal precipitation, snowmelt water, evaporation, transpiration and groundwater recharge from the paddy and upland fields, including the rotated paddy fields, over 35 years and the standard deviations. The recharge value at the paddy fields was relatively large (average, 10.2 mm/d) from early May to early June owing to the beginning of paddy irrigation. The averaged recharge values in the period influenced by the mid-summer drainage (mid-June to early July) and after that period (mid-July to the end of August) were 6.5 and 10.8 mm/d, respectively. Maruyama et al. (2014) estimated the water percolation to be 10.7 mm/d in 2008 by subtracting evapotranspiration from the water requirement rate observed during mid-May to early August and by weighting by days after and before the mid-summer drainage. The ratio of calculated recharge to water percolation was 90 %. Measured water percolation may contain water components that do not contribute to groundwater recharge such as the volume of water that flows to the sea. These findings suggest that the groundwater recharge estimated using HYDRUS-1D had reasonable precision. The recharge amounts in the nonirrigation period from both paddy and upland fields were relatively high in the snowfall and spring snowmelt periods, with the largest value of 5.8 mm/d being observed from early to mid-March. The average recharge from midSeptember to the end of November, which accounts for 35 % of the rainfall, is 1.1 mm/d and the groundwater level is approximately constant.
Seasonal changes in groundwater recharge
The annual recharge in the hydrological year from the paddy and upland fields was 1,819±202 mm and 886 ±287 mm, respectively. The total recharge during the irrigation period from the paddy and upland fields was 1,207±57 mm and 220±106 mm, respectively. The annual recharge at the upland field was mean 36 % of the annual precipitation. In paddy fields, the ratio of the irrigation period to a year was about 74 %. Taken together, these findings indicate that irrigated rice-planted fields have a 5.5-fold greater ability to recharge groundwater than upland fields.
Annual changes in groundwater recharge
The annual net water balances for 35 years were calculated considering the study area as a groundwater basin (Fig. 10) . Both the Tedori River (the head-dependent boundary) and the surface boundary were net inflow sources, and the ratios for total net inflow were 30 and 70 %, respectively. Net outflow sources were groundwater use and outflows to the sea and the Sai River (the constant head boundary), and the ratios for total net outflow were 40 and 60 %, respectively. These results suggest that the groundwater recharge from agricultural fields has a greater effect on groundwater levels than groundwater use. Figure 11 shows the annual changes in precipitation and the agricultural area ratios, as well as the recharge for the entire model domain. Groundwater recharge is divided into two recharge fields, rice-planted paddies and upland (including rotated) paddies. Ratios of each agricultural (paddy, rice-planted paddy, and upland) area to the total study area are shown. Ratios of rice-planted paddies to total groundwater recharge ranged from 80 to 96 %, indicating that rice-planted paddies are the dominant groundwater recharge source. Under the influence of decreased rice-planted paddies and precipitation, the amount of regional groundwater recharge is decreasing, with a total decrease to 61 % of the peak in 1977. The Mann-Kendall test (P=0.05) revealed that agricultural area ratios (rice-planted, paddy and upland fields), precipitation, snowfall, and groundwater recharge from 1975 to 2009 showed significantly decreasing trends. There was no change in the rate of paddy rice-upland crop rotation and groundwater use. Groundwater storage was estimated from annual average groundwater levels and effective porosities. Effective porosities were used to determine the approximate specific yield (Table 3 ). The average groundwater storage was 2.9×10 9 m 3 over 35 years, with a decrease of 2.4×10 7 m 3 occurring from 1976 to 2009. The annual groundwater recharge was comparable to about 4.8 % (from 2.8 to 7.0 %) of groundwater storage. The influence of rice-upland crop rotation on groundwater recharge was evaluated by simulation using the hypothetical land use scenario without paddy rice-upland crop rotation. The simulation revealed that groundwater recharge would decrease to 68-95 % for paddy fields and 73-98 % for the whole model relative to no crop system. Under 'no crop-rotation' systems, change rates of groundwater levels for each zone ranged from −0.02 to −0.05 m/y, with a maximum drawdown of 1.3 m occurring from 1975.
The decrease in groundwater storage over 35 years was 1 % of the total storage; however, groundwater recharge was 5 % of the storage and 1.1-2.8 times the amount of groundwater use. Hence, it was confirmed that the conservation of paddy fields is of importance for sustainable groundwater use. Furthermore, the effects of the crop rotation on groundwater recharge were nonnegligible; however, additional studies are warranted.
Conclusions
This study was conducted to develop a groundwater model that considered unsaturated-zone flow to compute water-table fluctuations in the Tedori River fan in response to paddy irrigation management, rainfall, snowfall, snowmelt, and evapotranspiration. The model consisted of the 1-D unsaturated-zone water flow model (HYDRUS-1D) for estimating groundwater recharge and a 3-D groundwater flow model (MODFLOW). The fine distribution of agricultural fields was modeled by coupling the 1-D unsaturatedzone flow model to the 3-D groundwater flow model through simulating groundwater recharge for each 3-D model grid (400×400 m). This technique enabled spatial and temporal groundwater levels to be estimated reasonably and groundwater recharge to be estimated appropriately, although some improvements could be made to enable more accurate simulation. Noticeable results in the transient simulation during 1975 to 2009 were as follows:
1. Annual groundwater recharge decreased over time.
Regional groundwater recharges ranged from 7.93×10 7 in 2009 to 2.03×10 8 m 3 in 1977. The total amount of regional groundwater recharge decreased to 61 % of the peak in 1977 because of declines in riceplanted field area and precipitation. Thus, groundwater levels have decreased to 3.5 m in the upper zone over 35 years.
2. Irrigated rice fields have a 5.5-fold greater ability to recharge the groundwater than upland fields. The riceupland crop rotation system could possibly decrease groundwater recharge to 73-98 % relative to no crop rotation system.
Future studies should include quantitative assessments of the impact of predicted climate change or social change on groundwater recharge and groundwater levels using the developed transient model.
